ABSTRACT Mine water inrush poses a serious threat to the safe production of coal mines in China. The transient electromagnetic method (TEM) on the ground has been applied to explore water-bearing structures, but the resolution is low. Therefore, some geophysicists in China moved the TEM onto underground coal mine roadways and obtained good results at the end of the last century. Although the TEM has been applied in mining for many years, there are so few theoretical studies that the data interpretation is not accurate. It is necessary to study the transient electromagnetic field diffusion in the entire space with physical or numerical simulation methods. First, based on the diffusion equations, we deduced the wave number domain equations, whose whole-space electromagnetic field is excited by a 3-D source in a 2-D geoelectric model; then, we derived the 2.5-D finite-difference time domain equations. At the beginning of the calculation, we gave the grid nodes near the source the initial values with the cosine filtering method. To improve the calculating efficiency, the time intervals gradually increased with time. At the end of the calculation, we transformed the calculating results from the wave number domain to the space domain by fitting the segmented exponential function. Compared with the analytical solutions, the numerical solutions are accurate, and the algorithm is reliable and efficient. The simulation results of a collapse-column model show that the transient electromagnetic field diffusion in the entire space is dominated by low-resistivity bodies.
I. INTRODUCTION
Water inrush hazards have seriously affected the safe production of coal mines in China. With the increase in mining depth and excavation intensity, this problem is becoming increasingly serious. Geophysical methods are used to detect water-bearing structures before mining and have been one of the main technical means of mine water disaster prevention in China [1] . The transient electromagnetic method (TEM) on the ground, which is sensitive to low-resistivity bodies, has been widely applied in the hydrogeological investigation of coal mines [2] . However, it is difficult to obtain good results when the topography is complicated or when there are many humanistic facilities near the observing station. Far from the target body, the response signal is weak, and the resolution is low. In other words, the TEM on the ground cannot satisfy the high-precision requirements of coal mines to detect the water-bearing structures. To improve the signal strength and resolution, some geophysicists moved the TEM to the underground roadways of coal mines with a small multi-turn loop and obtained good results in detecting water-bearing bodies [3] - [5] . Meanwhile, to quickly and effectively detect the water-bearing structure in front of a tunnel wall, the TEM was introduced into tunnel condition work [6] , [7] . For higher resolution on the distributions and shapes of low-resistivity bodies such as karst water and karst pipes, reference [8] developed a multi-component and multi-array TEM, which can be applied in tunneling and defined the expressions of apparent resistivity. To improve the interpretation accuracy of TEM in mines and tunnels, the studies mainly focused on the time-depth transformation [9] , apparent resistivity calculation [10] , [11] and imagination [12] - [14] .
When we apply TEM in the underground, the transient electromagnetic field diffuses in the entire space and the received response signal are affected by the medium in the entire space, which is different from the field of TEM on the ground. Thus, it is necessary to study the response characteristics of the transient electromagnetic field in the entire space. Reference [15] developed a computer code that computed the whole-space transient electromagnetic field for a horizontal square loop in a layered earth; the simulation results show that the vertical magnetic field is identical when the conductive layer is located either above or below the measurement station, but the horizontal magnetic field depends on the vertical position of the conductive layer, its conductivity, thickness and distance. Reference [16] and [17] developed a 3D finite-difference time domain program to simulate the whole-space response characteristics of a three-dimensional conductive body below the mine drift. Reference [18] proposed a numerical simulation method to design geosteering tools Reference [19] presented a finite-difference timedomain approach to simulate the three-dimensional transient electromagnetic diffusion phenomena to detect water-bearing structures in front of a tunnel face.
The two-dimensional model is closer to the actual geological structures than the one-dimensional model. The twodimensional algorithm is simpler and easier to program than the three-dimensional one. Moreover, the calculation speed of the 2D algorithm is fast. In this paper, to study the response characteristics of the whole-space transient electromagnetic field in coal mines, we proposed a 2.5D finite-difference time domain (FDTD) to simulate the whole-space transient electromagnetic field. First, we deduced the wave number domain equations. Then, we calculated the whole-space electromagnetic field excited by a magnetic dipole in the wave number domain. Finally, we used a digital filter method to do the inverse Fourier transform and obtained the desired results.
II. 2.5D TIME DOMAIN FINITE-DIFFERENCE EQUATION
The passive diffusion equations for the electromagnetic field are [20] ∇ 2 E − µσ (∂E/∂t) = 0 (1)
where E is the electric field intensity, H is the magnetic field intensity, µ is the magnetic permeability, σ is the conductivity of the medium, and t is the time. To achieve a 2.5D numerical solution of (1) and (2), the key is to perform the Fourier transform in the direction of y and transform (1) and (2) into equations in a wave number domain. The transforming equation iŝ
whereĤ is the magnetic permeability in the wave number domain, and λ is the wave number. Using the differential characteristics of the Fourier transform, we obtain
where u x , u y , and u z are the unit vectors in the directions of x, y and z, respectively. Because the conductivity is homogeneous in the y direction for the 2D medium, the field component equations in the wave number domain can be derived from equations (1)-(4) (here n: x, y, z)
For simplicity, all field components are denoted by h. The equation for the wave number domain is With Green's theorem, we obtain
Approximate transformation is performed on all integrations of the above formula and rearranged to obtain Here, the value of σ i,j is given in the equation shown at the bottom of this page.
To discretize the diffusion equation, we must also approximate the time derivative of the equation. The approximation solution of the time derivative of the wave number domain equations is identical to the normal. For this model with the same space interval x = z = , (7) becomes
Here, ∂h n i,j /∂t is the field at time t = n t. The simplest approximation of the time derivative is the forward difference between the time of t = n t and t = (n + 1) t, namely,
This formula is accurate to the first approximation of t. Substituting (9) into (8), we obtain h n+1 i,j , which is the forward difference expression of the diffusion equation in time:
In this formula,
is dimensionless and named the local grid degree. According to the results [21] proven by Oristaglio and Hohmann, in the wavenumber domain, to maintain the stability of inhomogeneous model problems, r i,j should not exceed 1/(4 + 2 λ 2 ). Thus, the maximum time interval of (10) is
Here, min(σ i,j ) is the smallest value ofσ i,j in the model. To increase the space and time interval and to reduce the difficulty of program design, we used the explicit unconditionally stable central difference approximation of the diffusion equation. For a non-uniform grid, the recursive discrete central difference approximation formula is
Substituting (13) into (9), we obtain the non-uniform grid central difference approximation equation:
In the two-dimensional wave number domain, the solution is obtained in the following steps: At any n t time (n is an odd number), h n−1 ij (i + j is an odd number) can be projected to the (n + 1) level with the differential equation (14); then, h n ij (i+j is an even number) can be projected to the (n+2) level with the calculated solution, and so on. The two values of the field at moments n = 0 and n = 1 are given at the beginning of the computation, and the value of these fields are obtained through the whole-space homogeneous analytical solution.
III. INITIAL VALUE SEEKING A. EXCITATION SOURCE
According to the above discussion, using the recursive calculation of the central difference method, we must calculate the initial value of the transient electromagnetic field at each node at the initial moments t 1 and t 2 . Because the time is notably early at the initial two moments, the propagation region of the secondary field is notably small and concentrated near the excitation source. The region near the excitation source can be equivalent to the uniform space, so the field value can be obtained from the analytical solution of the uniform whole space at the two initial moments. The second field is excited by the beginning of the step pulse in the theoretical
analysis, which we also performed in the paper. When the transmitting current ring is on the y-z plane in the Cartesian coordinate system, the transient magnetic field generated by the magnetic dipole, which is the input step pulse current, is [22] as follows:
where m is the magnetic moment. The electric field only has components in the y and z directions, and the total electric
. The time derivative of the transient magnetic field generated by the magnetic dipole is
here, θ is the function defined to solve the step response
Based on previous research, although the value of the transient electromagnetic field generated by the beginning of the step pulse is different from that generated by the end of the step pulse, the time derivative of the transient electromagnetic field has the same magnitude in the opposite direction [23] . However, the selection of the initial time and given initial node is notably important for the accuracy of the algorithm. If the initial moment is selected earlier, the initial number of nodes may be smaller; if the initial moment is later, the initial number of nodes should be increased. In this calculation process, we may select the initial moments earlier according to the following experiential formula:
Here, µ is the permeability of the surrounding rock; σ is the conductivity; and min is the minimum space interval.
B. GIVING INITIAL VALUES
Equation (17) is an analytical formula in the spatial domain. Fourier transform on the source is made in the y direction for the difference in the wave number domain. Its Fourier transform formula is
Because exp (−iky) = cos(ky) − i sin(ky), equation (18) can be simplified to obtain the cosine transform of the high-oscillation function integral about the Fourier transform:
The numerical filtering algorithm based on the Bessel and Cosine functions is used to solve (19) , and the algorithm formula is
Here, = ln (10) /20 is the sampling interval, c cos (n ) is the filter coefficient of Cosine transform, and k is the discrete wavenumber. (20) is used to calculate the wave number field value assigned to formula (14) at the initial moments. Then, the finite-difference recursive calculations are performed in the wave number domain field.
IV. BOUNDARY CONDITIONS
For the boundary conditions, the main problem is the outer boundary for the whole-space model, i.e., the truncation boundary settings of the two-dimensional space in the wave number domain. In this study, based on the establishment principle of the unidirectional wave absorbing boundary conditions, the absorbing boundary conditions of the twodimensional electromagnetic diffusion equation in the wave number domain are established. The second-order approximation on the boundary and its differential form are shown below.
The absorbing boundary condition of the second-order boundary finite-difference approximation of the x = 0 boundary is
here
The absorbing boundary condition of the second-order boundary finite-difference approximation of the x = h right boundary is
The absorbing boundary condition of the second-order boundary finite-difference approximation of the z = 0 boundary is
The absorbing boundary condition of the second-order boundary finite-difference approximation of the z = h boundary is
V. INVERSE FOURIER TRANSFORM ALGORITHM AND WAVE NUMBER SELECTION A. INVERSE FOURIER TRANSFORM ALGORITHM
To obtain the (x, y, z) space transient field value, we must transform the wave number domain into the spatial domain through the inverse Fourier transform algorithm:
The inverse Fourier transform algorithm generally changes the integration interval 0-∞ into a limited range of 10 −3 < k < 10 based on the variation of h(x, y, z) with changing k. A piecewise exponential function is used to fit the plot function in a limited range, and the integral value can be calculated by determining the integrand values of the endpoint of each segment to obtain the inverse Fourier integral. A large number of trial calculations show that the curve of transient electromagnetic field h(x, y, z) with changing k first increases and subsequently decreases. In performing inverse Fourier Transform, this function curve will be divided into two large segments of increasing and decreasing. The inverse Fourier transform values can be finally obtained by superimposing with the positive exponential function fitting in the increasing segment and the negative exponential function fitting in the decreasing section. We calculated them as follows: N , z, t) , etc. are known; the inverse Fourier integral interval is k 1 ∼ k N . Then, the integration interval is divided into (N − 1) subintervals; k of each known h value can be consider a sub-interval endpoint. Then, the intervals are ( Figure 3 . The integrand function h in any sub-interval is approximated by the exponential function, i.e., the integration of the subinterval is
a i is the i filter coefficient. For the nodes in the main cross section, which is through the source and perpendicular to the trend of the geological body, we can set y = 0. Then, the above equation is simplified to
For the nodes in other cross sections, y = 0, and the equation above is
The integral values of all sub-intervals are summed, and the inverse Fourier transform value of (25) is obtained.
B. WAVE NUMBER k SELECTION
The selection of wave number k significantly affects the computational accuracy and computing time. Thus, we drew the wave number selection method of Luo Yanzhong [24] on an electrical point source [25] - [27] . The maximum and minimum distances [28] , [29] between the transmitter and the receiver are r max and r min , so the minimum and maximum of wave number are selected by
Number N of wave numbers is calculated as follows
If the calculated N is not equal to an integer, only an integer number can involve through rounding. According to the trial experience, it is proper when α is 2.5. Of course, α should be slightly adjusted in some special conditions. Various trials show that it is sufficient when N is 10. If N exceeds 10, the accuracy of the calculation did not significantly improve, but the calculating time increased. k should be 10 −5 -10 −1 with the equal logarithm interval.
VI. RESULTS AND ANALYSIS
To verify the effectiveness of the algorithm, the algorithm was first tested with the theoretical model of a uniform wholespace with the analytical solutions. Then, it is used to calculate and analyze the geoelectric model of the special collapse columns in the process of coal mine roadway drivage.
A. UNIFORM WHOLE-SPACE GEOELECTRIC MODEL
The electromagnetic field value is computed using the uniform whole-space geoelectric model with the resistance of 100 m. The model length in the y direction is 200 m with an 81 × 81 space grid, and the grid interval is 10 m. In the model, according to (14) , the maximum time interval is t max ≤ 0.314µs, and the progressive manner with a variable time interval is used. The time interval and corresponding iterations are shown in Table 1 . The number of k is 10, which is distributed at equal logarithmic intervals between 10 −5 and 10 −2 . The excitation source is located in the center of the grid space, and the excitation direction points to the x-direction. The observation station is 100 m from the excitation source. The duration of the simulated transient electromagnetic diffusion was 5.88 ms, and the calculation took approximately 20 s to complete on a CPU2.13-GHz, 1G memory computer. Figure 4 shows the comparison of the x-direction component of magnetic field Hx between numerical and analytical results. The numerical results are consistent with the analytical results, and the relative error is less than 5%.
B. COLLAPSE COLUMN MODEL
The collapse-column model is shown in Fig. 5 . There are five layers in this model with a height of 400 m, and each layer is 80 m thick. The electrical parameters from top to bottom have layer resistivities of 500 m, 50 m, 100 m, 50 m and 500 m. The collapse column is 240 m high, the diameter is 40 m, the resistivity is 1 m, and the vertical distance from the excitation source is 40 m. The excitation source is placed in the third layer in the geometric center of the model and parallel to the bedding. (Fig. 6-a, 9 µs) , the transient electric field was mainly distributed near the source, the outer edge of the transient electric field only spread to the collapse column, and the induced current density center was in the plane of the excitation source and perpendicular to the bedding plane. With time (Figs. 6-b and 6-c, 43-83 µs) , the induced current density center stretched along the direction of bedding and gradually moved to the internal collapse column, and the collapse column began to affect the temporal and spatial distribution of the electric field (Figs. 6-d and 6-e, 203-683 µs). With more time (1883 µs -), the induced current density center completely moved into the collapse column and diffused upward and downward along the direction perpendicular to the bedding until the decay vanished (Figs. 6-f-6-h) . The results show that only the low-resistivity collapse column changed the normal diffusion of the transient electromagnetic field in the layered space. When the induced current density center fully moved inside the collapse column, the collapse column becomes a ''secondary source'' to radiate electromagnetic fields to the entire space, and the observed signals mainly reflect the attenuation information of the transient electromagnetic field under the effect of the collapse column. On this account, the advanced detection with the TEM in the roadway of coal mines can well reflect the abnormality of the water-conducting collapse column in front of the tunnel face.
VII. CONCLUSIONS
The 2.5D finite-difference time domain algorithm only simulates the diffusion of the whole-space transient electromagnetic field excited by a magnetic dipole in the 2D geoelectric model. Compared with the 3D numerical simulation, the calculation speed is high, and the calculation cost is low. The difficulty of this algorithm is that the 3D source is transformed from a 3D space domain to a 2D wave number domain by the Fourier transform, and the calculated results are transformed back to the space domain by the inverse Fourier transform after the difference calculation. The digital filter method in the transform and the number and value of k affect the accuracy of the calculation. The time interval affects the accuracy and speed of the calculation. The time interval is related to the mesh and wave number in the wave number domain. The maximum time interval is adjusted considering the stability of the calculation. According to the variation in the whole-space transient electromagnetic field h (x, k, z) with changing k, the sub-fitting exponential function is used in the inverse Fourier transform to ensure the reliability of the calculation. The comparison between the simulation result and the analytical solution of the whole-space uniform model verified the correctness of the algorithm. The simulation results of a water-bearing collapse column show that the transient electric field distribution is consistent with the electromagnetic field diffusion law and that the low-resistance collapse column is well reflected.
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